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SECTION I

INTRODUCTION

The M30 Rocket Motor is the sustainer motor for the Nike Hercules

Missile. The principal components of the motor are the case, the gas

generator, the blast tube, and the nozzle. The motor is initiated in flight

by electric squibs after the booster rockets have burned out and have been

jettisoned. The electrically initiated black powder in the squibs initiates

potassium nitrate pellets, contained in a styrofoam cup, which in turn

initiate the case-bonded polysulfide perchlorate propellant grain of the gas

generator. The gas generator effluent ignites the main propellant grain--

also a composition of case-bonded polysulfide perchlorate with a star

perforation.

The engineering services to be provided under the Scope of Work were:

1. Provide improved production processes and techniques for

mass production.

2. Minimize or eliminate the use of strategic materials.

3. Reduce manufacturing cost.

4. Broaden supply base.

5. Substitute standard items for non-standard items where possible.

6. Assure ease of loading, assembly and inspection.

7. Provide technical information for field use as required.

The specific tasks were unrelated and therefore handled separately.

These tasks included:



1. A study to determine whether the time required for holding the

hydrostatic test pressure on the motor case can be reduced without detriment.

2. A study to find suitable alternate materials for internally insu-

lating the blast tube and adapter at reduced cost.

3. A liner removal study to determine which, if any, of the motor

metal parts can be economically reconditioned after static firings.

4. An accelerated corrosion study to determine which parts are

susceptible to corrosion, the effects of such corrosion and applicable mea-

sures for inhibiting corrosion.

5. A temperature gra.dient program to determine the time that the

loaded rocket motor can be exposed to extreme temperatures and not fall

below the firing or storage temperature limits.
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SECTION II

SUMMARY

The Scope of Work, as originally issued (May 1958) by the Army

Rocket and Guided Missile Agency (ARGMA), encompassed a complete

production engineering study on the motor metal parts, a pilot lot, and a

description of manufacture in addition to the studies outlined in Section I.

However, the funding authorization was not sufficient to cow r the entire

program included in the Scope of Work. Additional funding was anticipated

(sufficient to permit conducting the program) and the bulk of the phases to

be contracted out were held in abeyance pending receipt of the additional

funding, although the preparatory processing for competitive bidding on

the production engineering study was completed. Meanwhile, several

phases were initiated which could be performed by Picatinny Arsenal

and did not require a "knowledge contract". At a later date, ARGMA

advised that because of the cut-back in the Nike Hercules program,

additional funding for the production engineering study would not be

authorized. At this time, a revised Scope of Work (dated7 April 1959)

was submitted by ARGMA to Picatinny Arsenal. The revised Scope of

WL.rk excluded the tasks which would have required an extensive metal

parts production engineering "knowledge contract" and permitted con-

centration of effort on the tasks listed in Section I.

Briefly, the tasks accomplished were:

a. Hydrostatic Pressure Test Stitdly -- The hydrostatic test

requirements for the motor case were thought to be somewhat excessive.

An analytical study was conducted which resulted in recommendations
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that certain test requirements be reduced.

b. Alternate Insulation Study -- The blast tube and adapter insulation

was a single source, expensive item. Other likely materials were selected and

tested. A less expensive, alternate material was recommended.

c. Liner Removal Study -- Some of the metal parts can be reclaimed

after static firing if the liner which bonds the propellant to the metal parts

can be removed safely and economically. Tests disclosed a non-toxic

solvent which would remove or loosen the liner material at ambient

temperature.

d. Corrosion Study -- Motor metal parts were subjected to a corrosive

atmosphere to determine areas susceptible to corrosion. Several corrosion

inhibiting coatings were tested and evaluated on the basdi of effectiveness

and practicability for in-plant and field use.

e. Temperature Gradient Study -- Tests were conducted on a loaded

motor in a low temperature environments to determine the rate of temperature

change in the grain and the time that the rocket motor can be exposed to

extreme temperatures without falling below the specified firing or storage

temperature limits.
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SECTION III

CONCLUSIONS

Since this report encompasses five different areas, the conclusions

are presented in Section V (Study).

SECTION IV

RE COMMENDATIONS

The applicable recommendations are included with each study.

5



SECTION V

STUDY

A. Hydrostatic Test Pressure Study

Missile Purchase Description MPD-5008A requires that after

completion of fabrication, the blast tube and case metal parts assemblies

be subjected to an internal hydrostatic pressure of 900 psi for a period of

five minutes without leakage or permanent distortion in excess of drawing

dimensions.

The sidewalls of the motor case and blast tube were considered to

be critical areas as well as being representative of the possible trouble

points of the unit, with the exception of threads. Therefore, sidewalls

are the only areas considered in this study.

Acceptance specifications for the M30 Rocket Motor require that

those components subjected to hydrostatic pressure testing be dimensionally

inspected following the pressure test for conformance to drawing dimen-

sions. Thus, all pressure testing is considered to be performed below the

specified lower yield point. Yielding, if it should occur, would be noted

immediately... either by a decrease in pressure or by an increase in the

volume of water pumped into the unit under test, depending on the test

procedure. Further evidence of yielding would be detected during the sub-

sequent dimensional inspection. With an extremely rapid loading rate the

phenomenon of delayed yield might be experienced if the yield strength

were below the specified minimum; this delay is usually well under one

second. Such a situation might be encountered in cyclic testing, but need

not be considered here.
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It should be noted that the various authorities in the fields of

pressure vessel fabrication and materials testing limit their hydrostatic

test requirements to 10 or 15 seconds to insure pressure stability. A

longer time is required for volumetric besting in which a stipulated amount

of permanent expansion is permitted.

Since the blast tube has a substantial strength safety factor, neither

the operational pressure nor the test pressure approach the minimum yield

strength of the tube side wall (Appendix A). Therefore, the only type of

failure anticipated would be caused by a substantial defect, which un-

doubtedly would become apparent well before the five-minute requirement

has been met.

Although the motor case is hydrostatically tested to a pressure

relatively close to the minimum yield point of the sidewall, with little

allowance ;or an imperfect longitudinal weld, the average operating

pressure (assuming maximum pre-firing temperature) is approximately

half that required to cause yielding. While, in certain instances, work

hardening might conceivably occur near the yield point, hydrostatic test

is not generally considered a valid method for increasing strength.

Hydrostatic testing is not completely non-destructive, even when

conducted at pressures well below these conducive to yielding, since

minor flaws such as those originating in embrittlement adjacent to welds

8
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and not detected by X-Ray or hydrostatic test, might become sufficiently

progressive under hydrostatic test pressure to cause subsequent oper-

ational failure of the tested piece.

It is concluded that a long (five-minute) period for holding

hydrostatic test pressure will produce no beneficial results, and that it

might actually be detrimental to the motors tested.

Recommendation:

As a result of the study, these recommendations were made:

1. The five-minute time requirement for hydrostatic test be

reduced to that time required for the hydrostatic pressure to stabilize at

900 psi. The actual time requirement would vary with the test installation

and apparatus, operator and inspector; however, 10 seconds would be

ample in most cases.

2. Care be taken not to overstress the motor case assembly by

substantially exceeding the 900 psi requirement.

3. ARGMA consider the use of supplementary, acceptance tests

for determining functional reliability, e.g. , flaw detection by eddy current

or ultrasonics.

B. Alternate Insulation Materials Stud,

Blast tube and adapter insulation used in the M30 Rocket Motor is

a single source, proprietory item, and is considered to be relatively ex-

pensive. And, while the material meets the erosion and heat insulation
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requirerrments under operating conditions, it is quite sensitive to humidity.

This sensitivity requires storage of insulation units in hermetically sealed

packages before -installation in the metal assembly and sealing of the

asseri.ly rind the use of desiccant after installation. Therefore, an

investigatiorn for selecting an alternate material to broaden the supply

base --nd dec-e:.se the cost of fabricated insulation units was undertaken.

The investigation was begun with a study of the properties, fabrica-

tion techrniques, and cost of the insulation units now being used (Rocketon,

suppe.iEd by the Haveg Corporation, Wilmington, Delaware) and of the

adequacy of other materials for meeting the program requirements.

Little information was available on commercial materials, including those

supplied by the Haveg Corporation, when subjected to environments ap-

proximating the firing conditions of the M30 Rocket Motor. Therefore, a

study was initiated to select likely materials and subject them to screen-

ing tests prior to a recommendation to ARGMA for the full-scale testing

gf"tIe most promising of the screened materials.

The use of _ small-scale rocket motor was considered the best approach

to minimize the expense of testing samples selected for screening. Several

test facilities were investigated, and the Research Institute of Temple

University was selected to perform the tests since a small rocket motor

was available which could be operated over a satisfactory range of

temperrature, gas velocity, pressure, and firing time. While the test

motor operated on a liquid propellant (oxygen-water-alcohol) system which

created an atmosphere varying somewhat from that created by the solid

propellant used in the M30 Rocket Motor, the design and fabrication of

equipment for burning solid propellant for the required time would have

12
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been time-consuming and expensive. The liquid propellant system also

had the advantage of being susceptible to control during firing and shut-

down at any time during the run. The test assembly is shown in Figure 6.

The insulation samples used were tubular in shape: 1-inch inside

diameter x 1. 785 inch outside diameter x 12-inch long and enclosed in

i steel tube. Insulating material molding conditions are in Appendix

B, Flow rate was 0. 9 pounds per second, temperature 3, 500 *F,

pressure 500 psi, and burning time 40 seconds. This test set-up approxi-

mated the wall thickness of currently used insulating units, and pressure,

temperature, firing time, and flow rate per square inch of cross-sectional

area of the blast tube. Six thermocouples were mounted on each test

piece--three on a longitudinal axis on the outer surface of the insulation

sample at three, six, and nine inches from the end of the tube; and three

on the outer surface of the metal tube also at three, six, and nine inches

from the end of the tube and 180* from the thermocouples on the insulation.

Flanges were welded to each end of the metal tubes to mate with flanges

attached to the test rocket motor and test nozzle.

Temperatures for the six thermocouples were recorded throughout

firing and subsequent to firing until maximum temperatures were reached.

Chamber pressure was recorded during firing. Flame temperature was

calculated. Test pieces were weighed before and after firing to determine

loss of material.

Since there was no method for making an absolute evaluation of the

materials tested, Haveg Rocketon was used as a test control, and all data

were compared to that obtained from this control.
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TABLE I

BLAST TUBE INSULATING MATERIALS TESTED

1. Rocketon (asbestos-phenolic) supplied by Haveg Corporation,

Wilmington, Delaware.

2. 41-RPD (asbestos -phenolic) supplied by Raybe ston-Manhattan,

Incorporated, Manheim, Pennsylvania.

3. 1 10-RPD (asbe stos-phenolic) supplied by Raybe stos-Manhattan,

Incorporated, Manheim, Pennslyvania.

4. 150-RPD (asbe stos-phenolic) supplied by Raybestos-Manhattan,

Incorporated, Manheim, Pennsylvania.

5. 190-RPD (asbe stos-phenolic) supplied by Raybe stos-Manhattan,

Incorporated, Manheim, Pennsylvania.

6. Durez 16771 (Glass-phenolic) supplied by Plastic Age Company,

Saugus, California.

7. Asbestos cloth-phenolic supplied by Synthane Corporation, Oaks,

Montgomery County, l.onnsylvania.

8. Asbestos cloth-melamine supplied by Synthane Corporation, Oaks,

Montgomery County, Pennsylvania.

Results

Of the eight insulations tested, four failed structurally during firing,

necessitating shut-down, or experienced excessive loss of material and

were not considered acceptable for the required application. Of the four

remaining type s of ins ulatibns, Raybe sto s- Manhattan 41 - RPD produced te st

results comparable to Haveg Rocketon. Raybestos-Manhattan 150-RPD

and 190-RPD evidenced structural adequacy and nominal ablation; however,

the temperature rise for these materials was someWhat greater than for

16
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Rocketon and 41-RPD. Temperature vs. time data are in Appendix F.

All test samples were sliced longitudinally for internal examination.

In all cases, the upstream ends of the samples remained virtually intact.

Further downstream, the insulation tube walls became progressively

thinner until just before the outlet (nozzle) end at which point the wall

thickness abruptly increased. Erosion, ablation, and charring had

occurred in all the samples in varying amounts but were not constant

throughout any single sample. Appreciable material had been lost during

test. Therefore, a quantitative evaluation of these phenomena would

be beyond the scope of this study.

TABLE II,

VISUAL INSPECTION OF INSULATION TEST SAMPLES

Haveg Rocketon - Both test samples withstood the test firing without

failure, although the first sample might be considered marginal since the

insulation along a portion of the sidewall eroded down to the metal casing.

The second sample evidenced a symmetric pattern of char and erosion.

Raybestos-Manhattan 150-RPD - The sample withstood the test with

no sign of structural failure. The heat transfer rate was high; other

characteristics appeared excellent.

Raybestos-Manhattan 100-RPD - Burn-through occurred after about

35 seconds of firing.

Raybestos-Manhattan 41-RPD - Both samples withstood test firing

without failure. Patterns of erosion and char were symmetric.

Raybestos-Manhattan 190-RPD - Sample withstood test without struc-

tural failure. Char was relatively deep, and heat transfer rate relatively

high.

19



Plastic Age, Durez 16771 - Samples were fabricatedintwo sections.

First: sample burned through on the upstream side of the joint in 34 seconds.

Loss of material was excessive in both samples.

Synthane asbestos cloth, phenolic - First sample burned through in 31

seconds. Loss of material was excessive in both samples.

Synthane asbestos cloth, melamine - First sample burned through in 20

seconds. Second sample burned through in 24 seconds.

Percentage weight losses for the insulation samples which did not fail

structurally are:

Percentage
Material loss

Rocketon 17.6*
41- RPD 19.4*
150 -RPD 18.4
190 -RPD 21.2

*Average of two samples.

Time vs. temperature curves were plotted for each material which did

not fail during test. These curves were plotted for each thermocouple for

comparative purposes. The initial rate of temperature rise was quite low,

indicating the time lag experienced in heat transmission through the insulation

material. Then the curves assumed an almost linear shape, indicating

conduction as the controlling transmission factor. After propellant burn-out

(40 seconds), and again with an appropriate time lag, the curves changed

shape, indicating heat transfer from the metal tube to the atmosphere...

primarily by radiation. This heat transfer is an exponential function of

the temperature, and is so indicated by the curves. Both the rocket motor

and the nozzle were water-cooled, which might have increased the rate

of heat loss to some extent; however, the mass of metal comprising

20
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Figure 13. Haveg Rocketon
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Figure 14. Raybestos - Manhattan 150 RPD
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Figure 15. Raybestos Manhattan 110 RPD
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Figure 16. Raybestos - Manhattan 41 RPD
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Figure 17. Raybestos - Manhattan 190 RPD
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Figure 18. Plastic Age, Durez 16771
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Figure 19. Synthane, Asbestos Cloth -Phenolic
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the flanges was capable of supplying sufficient heat to the cooling water to

make any conductive effect from the metal tube small. Temperatures

after maxima were not recorded.

The cost of blast tube insulation units, estimated by Raybestos-

Manhattan, indicated a savings of about 50% if 41 -RPD is substituted for

Rocketon. An increased cost was anticipated for adapter insulation

units if Raybestos-Manhattan material is used.

Recommendations

Based on the results of the investigation, it was recommended that full-

scale testing of blast tube insulation units fabricated from 41 -RPD

material be initiated in static firings.

C. Liner Removal Study

The economical reclamation and re-use of statically fired motors

would constitute a cost savings as well as a reduction in the number of

motors which would have to be diverted from production to fulfill the static

fi --ing requirements.

Some metal parts reclamation was performed at the loading plant

(Longhorn Ordnance Works in Marshall, Texas) during the pre-production

phase of the project, but was later discontinued.

The primary reconditioning problem appeared to be the removal of the

polysulfide rubber liner which bonds the propellant to the motor case.

Investigation of past efforts in the area of liner removal from other

motors indicated limited success. While removal of a substantial portion

of the liner could be achieved with various solvent mixtures, toxicity,

high temperature requirements, and residue removal remained as problems.
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Laboratory tests were conducted to obtain one or more non-toxic

solvents satisfactory for liner removal at ambient temperature with

minimum solvent reclamation requirements. After these tests, chloro-

form (the solvent considered best for the purposes) was tested with a

fired gas generator, and a motor reconditioning process was suggested.

St,.el coupons (2" x 2") bonded with RDL-PD-107B polysulfide rubber

(1/8" thick) were subjected to the action of a number of commercially

avail3.ble solvents and solvent mixtures. The results are in Table III.

Methylene chloride and chloroform completely removed the rubber

line- in six hours at room temperature. The rubber broke up into small

pieces which settled to the bottom of the container (Figure 24). Solvent

mixtures containing chloroform (Nrs. 12, 13, 14, Table I11) completely

removed the rubber after a four-hour treatment. In this case the solvent

mixture penetrated the rubber liner to the steel-rubber interface and the

rubber was easily peeled from the steel coupon (Figure 23). Of the three

mixed solvents evaluated, the one consisting of chloroform, glycerin and

ethanel (No. 12) was the most effective.

These experiments were carried out at room temperature. (See

Appendix G for test procedure.) An increase in temperature to the boiling

point of the solvent appeared to have little effect on the rate of dissolution.

Glycerine, which had no effect at room temperature, completely removed

the rubber liner in two minutes at the boiling point (290"C). The dissolu-

tion of the liner was accompanied by a disagreeable odor.

A number of rubber-bonded steel coupons were heated over a Bunsen

flame to scorch and burn the rubber. These specimens were then soaked

in chloroform and solvent Mixture No. 12. The results were exactly the
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same as with the unburned specimens.

In one experiment it was found that approximately 1. 6% of the rubber

was dissolved in the chloroform.

The solvents which had the greatest effect on the rubber liner are

commercially available. With the exception of ethanol, the current price is

in the range of 12 cents (methylene chloride) to 34 cents (dimethyl

sulfoxide) per pound. The price of ethanol depends on the grade used.

CONCLUSIONS

On the basis of small-scale laboratory experiments there should be no

difficulty in removing the polysulfide rubber liner using either methylene

chloride, chloroform or solvent mixtures #12, 13 or 14 (Table III).

These solvents are commercially available and are in use industrially.

The thickness of the rubber liner (1/8") on the samples examined

is greater than that present in M30 Rocket Motors. Therefore, the time

required for liner removal from the actual motors probably will be less

than that reported.

Motor Reconditioning Unit (Figure 25)

Fresh solvent is poured fromdrums into the sump. Motor bodies are

placed vertically in cradles, and the piping is connected to them. Solvent

is pumped into the motor bodies until it begins to run out of the overflow

line, indicating that the motor bodies are full. The valves on the motor

body inlet lines are closed, and the pump is shut off. The motor bodies

are then permitted to soak for the time required for liner removal. When

the soaking period is completed, the motor body drain valves are opened

allowing the solvent to drain back into the sump. If necessary, the motors

37
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FIGURE 21 FIGURE 22

FIGURE 23 FIGURE 24

Figure 21. Specimen of rubber bonded to steel
Figure 22. Steel specimen after removal of rubber
Figure 23. Peeling off rubber after solvent #12 treatment
Figure 24. Rubber residue after solvents #1 and #2 treatment

Figure 24
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can be flushed with solvent by closing the drain valves, opening the inlet

valves, and pumping through the motors and overflow line. This flow

system can also be used if it is found that more effective liner removal

can be achieved by continuous circulation of solvent. The motor bodies

are removed, washed, and returned to storage following the cycle.

The sump baffle prevents excessive flow of liner particles into the

pump, but allows a continuous flow of.solvent.A number of recondition-

ing cycles is anticipated before the solvent loses sufficient strength to be

an effective liner removal agent.

Smaller parts may be placed in a wire basket and immersed in the

solvent in the sump for liner removal.

If solvent reclamation is necessary, the spent solvent is pumped to the

solvent reclamation section, which would probably consist of a filter or

distillation apparatus. Reclaimed solvent is returned to the sump. Fresh

solvent make-up also is added to the sump as required. Then, the unit is

ready for additional cleaning cycles.

The system is-sufficiently flexible to accommodate fewer than the

three motor bodies shown (Figure 25). Or, more motor bodies can be

reconditioned by increasing the number of piping leads.

D. CORROSION STUDY

An accelerated corrosion study was conducted to support: (1) field

storage operations and (2) loading plant operations in pre-loading and post-

loading storage of the M30 Rocket Motor. While no corrosion severe enough

to make stored motors unuseable has been reported, corrosion in instances

of severe storage conditions has started and could, in relatively long-term

4Z



storage, propagate sufficiently to raise doubts as to the useability of

stored motors, if not affect their functional reliability. Some corrosion

of uncoated metal parts occurs regularly at the loading plant. Although

corros:ion is removed or the affected parts are rejected prior to packing,

this situation inhibits loading plant operations to some extent.

Before the corrosion study was initiated, the ARGMA Field Service

representative was contacted to determine which, if any, components of

the M30 Rocket Motor were subject to corrosion during storage and the

extent and effects of corrosion. Field Service advised that periodic

inspections of stored motors were made and that there were no adverse

reports concerning corrosion. At a later date, a motor (S/N L-533)

was returned from an overseas installation in Formosa where it had

been inadvertently dropped from a height of about 10 feet while in the

shipping container. The wooden container had been severely damaged,

and rusting of exposed, unpainted metal parts was noted. After dis-

assembly, inspection, and reassembly, this motor was successfully

fired,

Corrosion was occurring regularly on the unpainted flange sur,-

faces, while in the loading plant. This corrosion must be removed before

the motors are crated. The cadmium plated Gask-O-Seals which seal

the coupling between the aft end of the motor case and the forward end

of the blast tube also were found to be corroding -- apparently due to

the deterioration of the rubber ring sections of the seals. However, this

corrosion problem was eventually alleviated by the substitution of stain-

less steel for cadmium plated steel.

It was decided that the most effective study could bee accomplished by
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determining whether any additional areas are particularly vulnerable to

cot rosion and then testing a number of corrosion inhibiting treatments with

a view toward the selection of a single inhibitor which would be effective in

all •t'-.s subject to corrosion.

A blast tube and nozzle assembly was placed in an environmental

chamber and subjected to 95% Relative Humidity and 160*F for four weeks.

"Thc aissembly was periodically inspected until signs of rust appeared.

Disassembly and inspection revealed blistering and discoloration of the

paint a.rnd corrosive pitting of the unpainted flange surfaces. None of the

damage was sufficient to make the motor inoperable.

After a review of the modes of corrosion and the techniques for inhi-

biting corrosion, a coating procedure was chosen as the most applicable

technique for protecting the areas susceptible to rusting. The coatinigs

listed in Table IV were selected as being representative of types which

can be applied cold by either spraying, brushing, or dipping, and which

can be cured either at elevated temperature or at room temperature, thus

providing maximum flexibility for application with minimum controls both

in-plant and in the field. The test procedure is outlined in Appendiy H.
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TABLE IV

CORROSION INHIBITING COATINGS TESTED

Coating Supplier

1. Sicon Aluminum 7x2070 Midland Industrial
Finishes Company
Waukegan, Illinois

2. Sicon Aluminum 3x245 Midland Industrial
Finishes Company
Waukegan, Illinois

3. Drygalv American Solder and
Flux Company
Philadelphia, Pennsylvania

4. Zincilate Industrial Metal
Protectives, Inc.
Dayton, Ohio

5. Nox-Rust 920 Daubert Chemical Company
Chicago, Illinois

6. *Aberdeen Proving Ground Composition

*Aberdeen Proving Ground Report CCL-40, Composition for Rapid

and Simultaneous Derusting, Degreasing, and Ruse-Proofing of Ferrous

Surfaces at Ambient Temperatures, 8 January 1958.
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E. TEMPERATURE GRADIENT STUDY

The minimum temperatures for firing and storage have been establish-

ed as 0F anrd' -1•hbO, respectively. Under field conditions in which low

temperature is experienced, heated igloos are provided for storage. For

the purpose of this study, minimum heated storage temperature was con-

sidered to be 40°F. The motors, when removed from heated storage,

cool to the ambient temperature.

In this series of tests, a crated motor with nine thermocouples im-

bedded in the grain at various distances from the periphery was thermally

conditioned until the grain temperature stabilized at 40=F. The condition-

ing temperature was then lowered to a predetermined point and maintained

until the entire grain temperature dropped to within 10°F of the condi-

tioning temperature, time vs. temperature recordings being made through-

out. The grain temperature was then raised to the initial temperature

(40°F). This procedure was repeated for several low temperatures. Two

additional thermocouples were used to record the crate and the conditioning

chamber temperatures. A complete description of the test procedure is

given in Appendix I; test data are given in Appendix J.

Data were reduced and plotted for each time-temperature path of the

cooling process (Figure 35). The slopes of the curves (dT/dt, where T is

the temperature and t is the time) would indicate the cooling rate at any

point on the curves. Low temperature firing and storage limiting curves

(Figure 27) were developed by cross-plotting as described in Appendix K.

These limits were based on the thermocouple located one-half inch from

the periphery and considered reasonably accurate since the temperature

gradient across the final half-inch of propellant was small and the
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propellant is insulated from the casing wall by a polysulfide rubber liner.

The shipping and storage crate was found to offer little thermal

protection as it was mounted on skids, permitting air to circulate under-

neath, and the bottom of the crate wav slatted with 3/8 inch openings be-

tween slats. Apparently some stratification occurred in the crate with

the warmer air rising to the top; however, the crate temperature differ-

ential was small.
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Conclusions

Periodic field inspection of stored motors is generally sufficient to

disclose deterioration caused by corrosion before the metal parts become

unuseable, thus making minor maintenance the primary field consideration.

Exceptional cases in which containers are severely damaged during unusual

handling conditions can be detected and remedied as they occur.

Based onftstszn several types of coatings, it is concluded that all of

the coatings tested are satisfactory for limited or temporary corrosion

protection. Any of the coatings may be overcoated if greater protection

is desired or if the cosmetic effect of a particular color paint is preferred.

Coating is simple enough to be performed at any echelon.

The following order of utility is suggested by the test results:

1. Sicon Aluminum 3x245

2. Sicon Aluminum 7x2070

3. Drygalv

4. Zincilate

5. Nox-Rust 920

6. APG Composition

All of the coatings may be applied cold by brush, spray, or dip as single

or multiple coats. They can be heat cured or air dried. Since they cannot

be washed or rubbed off, they offer protection for the uncoated surfaces

which is superior to the grease currently being used. The build-up produced

by these coatings is insufficient to make their removal from mating surfaces

necessary.
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APPENDIX A

Calculations for Hydrostatic Test Pressure

The following motor characteristics (nominal) were used for calcula-

tions:

Average internal pressure (at 140eF initial temperature) 516 psi

Maximum expected instantaneous pressure (at 140*F) 700 psi

Hydrostatic Test Pressure 900 psi

Blast tube yield strength (minimum) 60, 000 psi

Blast tube yield strength (maximum) 140, 000 psi

Case assembly yield strength (minimum) 145, 000 psi

Case assembly yield strength (maximum) 170, 000 psi

Blast tube diameter 8.75 in

Blast tube wall thickness (minimum) 0.103 in

Motor case diameter 28.00 in

Motor case wall thickness (minimum) 0. 100 in

Ratio of test pressure to average internal pressure during firing

= 900 Psi = 1.74
51 6 psi

Ratio of test pressure to maximum expected instantaneous pressure

= 900 psi = 1.29
700 psi

Internal pressure required to stress the blast tube to its minimum

yield strength =25St 2x 60, 000 x .103 = 1410 psi.
D 8.75

Internal pressure required to stress the motor case to its minimum

yield strength 2St =2 x 145, 000 x .100
D 28.00 = 1035 ps.
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Minimum permissible efficiency for the motor case longitudinal weld

900ps _- 7o/
= 18psi 7%

(1) The above calculations are based upon the condition of simultaneous

minimum wall thickness and minimum yield strength. The approximate

formula S= Pt was used, in which:

SY = yield strength

P = pressure

D = diameter

t = wall thickness

n = weld efficiency

(2) Since the metal temperature is limited to a maximum of 300*F

during and following firing, no reduction in yield strength is considered

to take place due to temperature.
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APPENDIX B

Molding Conditions for Fabrication of Test Specimens

ROCKETON

Haveg phenolic resin, asbestos filler, resin content 43% * 2%.

Molding compound applied to mandrel by low-pressure spinning

technique.

Cured on mandrel in autoclave, varying time-temperature cycle.

Machined to final OD. Process proprietary.

41 -RPD

Phenolic resin, asbestos filler (Pyrotex felt, chrysotile fiber base,

99% minimum asbestos).

Resin content:

High-resin sample: 40-45%

Low-resin sample: 25-30%

Resin-impregnated Pyrotex felts wrapped on mandrel tube winding

machine under tension, pressure indeterminate:

Cure (no pressure): 4 hr. at 300°F

Post cure (off mandrel): 8 hr. at 350°F

24 hr. at 400°F

Machined to final OD.

110-RPD

Phenolic-asbestos molding compound

Resin content: 42%

Mold temperature: 325*F

Mold pressure: 3, 000 psi
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Molding time: 60 minutes

Post cure: 4 hr. at 300 F

8 hr. at 350*F

150-RPD

Phenolic-asbestos molding compound

Resin content: 38-42%

Asbestos-chrysotile fiber: minimum 99% asbestos

Mold pressure: 4,000 psi

Mold cycle: 2 hr. at 300*F, cool to 250*F under pressure, remove

press; no post-cure.

190 -RPD

Phenolic -asbestos molding compound

Resin content: 35-36%

Mold pressure: 3,000 psi

Cure: 2 hr. at 300°F

Post cure: 8 hr. at 300 OF

8 hr. at 350 OF

PHENOLIC-ASBESTOS CLOTH

Bakelite phenolic varnish

No. 1611 asbestos cloth

Resin content: 35%

Resin-impregnated cloth wrapped on mandrel under tension and pressure.

Curing cycle: 6 hr. at 320°F

Machined to final OD.
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MELAMINE-ASBESTOS CLOTH

American Cyanamid melamine resin

No. 1611 asbestos cloth

Resin content: 35%

Resin-impregnated cloth wrapped on mandrel, molded at 1800 psi for

one hour at 320*F.

DUREZ 16771

Phenolic chopped glass fiber molding compound

Phenolic resin: one step

Resin content: 35%

Molding pressure:

Cure: 30 min. at 310°F

Post cure: 16 hr. at 350°F

B-3



APPENDIX C

DESIGN PARAMETERS

FOR

SIMULATED ROCKET MOTOR BLAST-TUBE TESTS



APPENDIX C

Design Parameters for Simulated Rocket Motor Blast-Tube Tests

Fuiel system: 2 to 1 (by volume) water-isopropyl alcohol solution, liquid

oxygen as oxidizer.

Cha.mber temperature: 3, 500°F

Charn ez pressure rat6:. 500 psi

Pro-ellant flow rate: total 0.90 lb/sec

Oxygen flow rate: 0.40 lb/sec

Fuel flow rate: 0. 50 lb/sec

Oxidizer/fuel ratio by weight: 0. 80

Average molecular weight chamber gases: 23.46

Ratio of specific heats: 1.18

Characteristic velocity: 4, 480 ft/sec

Throat area: 0. 250 sq in.

Diameter throat: 0. 564 in.

Sac-ple length: 12. 000 + 0.030 in.

Sample OD: 1.765 *0.005 in.

Sarnpe ID: 1.000 *0.o010 in.

Casing OD: 1. 895 - 0. 020 in.

Casing ID: 1.780 k 0.010 in.
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APPENDIX E

Determination of Flow Rate and Nozzle Throat Diameter for Simulated

Blast Tube

In the M30 Motor, approximately 2, 100 lb of propellant burns in 30

sec., resulting in an average flow rate of 70 lb/sec. The inside diameter

of the blast tube insulation is 7. 615 in. Thus, the gas flow is 1. 54

lb/sec/in. of cross sectional area. To simulate this flow with the 1 in.

I. D. insulation test samples, a flow rate of 1. 21 lb/sec. would be re-

quired. Upon advise that propellant burning times substantially over 30

sec. were being recorded, the test firing time was adjusted to 40 sec.

and the test motor flow rate to 0. 9 lb/sec.

To determine the nozzle throat diameter, the characteristic velocity

was calculated to be 4,4W 'ft/sec.. from the equation

1 544
c,-VgkRT 32.2 (1. 18) t'56 , (3500 + 460)

K k+ 1.18+1
k k-i 1. ( Z 1.18-1

c* = 4, 480 ft/sec.
2

And the throat area was calculated to be 0. 25 in. from the equation

c*= PAtq At = c*W 4480 (0.9)

w 'pg -500 (32.2)

At = .250 in. 2

where c* characteristic exhaust velocity, ft/sec.

g=32.2 ft/sec. 2

k=specific heat ratio
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1544
R = gas constant, M

M= molecular weight

T = temperature, 'R.

P = chamber pressure, psi

At= nozzle throat area, in. 2

W= flow rate, lb/sec.

An undersized nozzle (0. 497 in. diam.) was used in a checkout run to

verify the calculations. Data were recorded, and the nozzle diameter

calculation adjusted using the equation D _DIT\2 1/4 _•21/4/p 1/2/W2I1/2

(36~1/4 (4.28~ 1/4 (520 12090\1/2
= 0.97 (37800) (!3.43) ~0 071

D* = .559 in.

D2 was determined as 0. 559 in., and the test nozzle was machined to this

diameter.
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APPENDIX F

Insulation Temperature Data

Subsequent to preliminary firings for calibrating the test equipment

and instrumentation and establishing proper propellant flow conditions,

the following firing tests were conducted with the insulating materials

listed below:

a. Haveg, Rocketon, Sample No. 1 (S/N 27675)

b. Haveg, Rocketon, Sample No. 2 (S/N 27676)

c. Raybestos--Manhattan, 41 -RPD (high resin content)

d. Raybestos-Manhattan, 41-RPD (low resin content)

e. Raybestos-Manhattan, 110-RPD

f. Raybestos-Manhattan, 1 50-RPD

g. Raybestos-Manhattan, 190-RPD

h. Durez, 16771, Sample No. 1

i. Durez, 16771, Sample No. 2

j. Synthane, Asbestos Cloth-Phenolic, Sample No. I

k. Synthane, Asbestos Cloth-Phenolic, Sample No. 2

1. Synthane, Asbestos Cloth-Melamine, Sample No. 1

m. Synthane, Asbestos Cloth-Melamine, Sample No. 2

F-1



z 44 -4 Q.m 0 0 N v V~ IA

N

z LA

z Z N 0 1 r- 0 0
-4 uA' -4 * -4 ~ N

o Hz

04J

0ý '0 %~'0 It ON
Z 1-4 '0- N0 N0 C

ui 0 A 0 -.4 .- r' - -4 -4

0U

H Z
4A

o 0d N r- A 0
N a, 00 '000-C C N (A 1
4) UD MA %0 0", -4 1~-4 -

o 0
~104
0

-4L 14 -4 ý

LA '0 - A0~ 4 -

-4 -4 -O (

F-2



z ;34 LM N 00 0 - N m c
o m# LA 0% (n LA r- CO -4 1-4 -4 -4 4

u

z
Z0 -C '0 0 (n LA co a' -4 N

N %o a,.0 0 -4 en Ir*- --4 1- '-4 N N
u

0N rn N 00 Ln LA 00
LA 1-4 - 1-4 14 '0 t'- 00 0'. 07%

o n LAO 00 ý4 V '0 1-4 -4 -4 -4 4

0

o .

z (Y) 0n 00 a,'.

0
o N en r- 0O '.0 LA UA

z N N -4 0 m~ '.D C 00 0% '
0 n % 0 -- '0-4 -4 -4N N

1-4

o04 N LA 00' IO % 0
1 -4 -' - 'o '00 a' c'. N

o en' '.0 -4 (P ' 4 -4 -4 N N

d) 00 0 0 0 N0 00 0 -
-4 -N % c -4 N N

F-3



r 4  144 0 %0 0% -4 0 N
cy N - LA O' -4 - N N N

00

A 04 c 4 N~ 0

&44

04 1" N A 4 0" 04

z o Nn m. V

E-4-

0

P4 C
4
' .4 NV V

u

HH

F-44



oco 00

aLA CY' N 1" 00~ o L
u

0 A LA 0 N 0 00 N r-
61 z ' 0 L .0 00 as -4 .- 4

p.4  0Ln N ' -4 -4 -6 N N

z u

F-i

4444C% N %

0 N '%D -4 1-1 - 4 -4 N N

Z a; H

N Z- 004 0 a%' LA o
ý7 0* 0 (n ND ID .-- or)

0

CN 00 N 0 0 0)
00 m C t'- 11 %D c 0 -4 4

a 0% a',4 0 -

rz
ý40 cn 1 LA 0 co 00

1:4 LAn LO (7- 0 N NN
o 1a ~ 0 4-4 N N a N N

Q 0 0 0 00

H U -4 N m ~ %.0 00 .6 .--4 -4

F-5



0

'.0

- -4 -4 en M e (

E- N -4.j4 .j

-4-4 U-

V) -4 . O - ?

a, *-a - ~

E-4 -

E-4

zN 0

Hu
I4) r- a' co a' 0 0 N o 0

F-6 L '



o ,,i o 0m. , ' t ' - ) ,
00 C a' - 0 N 00 N rn V LA MA

o t-- r,- a', r- v • i 0',
- L A LA'7- t'- a,. Wi C 0 N N

N Coo ,, N N oL, L-. Lr

'0 all '. N 00 -4 '4d4 ~

v.. .J, N 00 ( () o 0

F-I

S S1

* •U

o N

, *

4) 0 0 0 0 N 0 0

(.-j • D 0 - ,-4 -4

F-7



Ln LA 0 LA me
t4LA N w4 C N v~ Ln %.0

z Ln a'N 0%. - - N N N N

U

LA

z ~ 4LA CV) %0 04 4 LM r- a, c7%

E-H

O N~4 N C N LA LA

0 z 4 '- N N A A C

U) U

cl 0N a'00 LA 0 0) 0S z (zi N '.0 CO a, Cn C'- 0 N N

N

0n CA 0 a' N a, CO 0O
CO0 r- r- N C0 N en.- C CAf

z

0 %0 0, 0 N a L

00 0 %0 00
H~~~ %~-NCA~0 MO--- - -

F-8



z .o r U -1 -4

-if .10'~ r- N

N0 m ~ (n 00 a, 0

44 ~ M- t- a, N 00 0
00 14 -4 ' -4 - N N N

Ul

a, 0 oCC N

0. -4 N - -4 -
. U

C)C) r.

0 N' C>~0

(L 0 C 0 0f 0 C N N D
U~~1 oc -4 -4 V P~ 0,~

-F-



%.0

0 LA en 0 0 m 0 %.0 (Y)m Ln

If)

N 0 0O 0 '0 It LA) 00 N N cr'
N CY) 0 0' N LA 00 0 LA '%0 0o z -41 N cn m~ r n 4 LA

0

0 LA LA LA LAn a, a'
Z .1' N 0 0O 0% 0% 0 0

m ~ ' LA en N (V' (V CV en c n 4 .

U

-4 -

r- LA N 0O C0 'D~~~ 0 wA0 C N N '.0 0 (n 'D0 C7,a 0

H0 N r- 0O 0 N 0 tq CO N
YJz0 1 a, N '0 0 LA a' N %0

* a, N LA) N N m MV 14 4 qt LA LA

z
P-44

00 r- a' CO LA (Y) CO 0
L 1 N CO o' CO 14 - 0 e LA r- a' '

* - - -4 r- N N ~ ~ c ~~'

C.) 0 C 0 %0 0 0 0 04
H O 4 N en V4 '0 CO -4 r-4 - N N

F-10



z 3Z4 M 00 mV - Ln %.o 00
H LA N It4 t.- -

6 N %O) 0% N
zN 0'. ON (V rl- r- r-

z

04

04j0 r r

z H

ci,0,

zz
004

'4

0 H0

E-4

z

V) 0 0 0 0 0 0 0 N 1~'0 00 0H ~ - N n %0 '0 - -q -4 -4 -4



N0'0 0 (4 ie 0
44 '0 0 0 Ln w " N A m

0 N% Ln t'- - - - N N N% N

Ln

z %Z . - ~ ~ '0 0'. 0 -~ NU0e N 4-N N N en, MM

0

0 00 0 -D ý .0 '
z LO 00 LA LA %0 '.0 '.0
U nc N N N N N

U)
0

00~0 0 00 co Ln r- 0 0
Cl,0 0 %.0 en %D 0 (> 0" 0 0 0

0) z m - Ln 1-4 N N N N N c) (n

H Nz
P0 LA Ln Ln

0 M~ cn, 1- N en~ m cf (y)

o v

0-4

U ~ N 00 N

-z

04 00 0 0 000

0 V %0 00 0

F-12



0 0

LO

o a"% un co r- o o
z 4Z4 N 0% N N V~ LA% %0 t

z u

oLA 0 m' .4 LA c0
HN N 0 P- mA It It I

z (' 0 mO ( rl- 1-4 -4 -4 P-4 -4 -4

0 U
4H

U

%0 %0 a% a, N N
Z 44  m~ 00 La 00 00 00 a,~

$4 00 -4 -4 1- - -

rz

H0 1. %0 (

0 F0

0 000uz - 0 N '000

-40 -4 1-4 1-4 -4 -4

F-13



44

Z~- P-4 -' N

Le)

Cl 0 0 0 %0 0', 14
z* LA en 0' en~ LA '0 r- r

z u

0 ~ '0 (n~ 0 0HZ 0 -4 - '0 0 (4) LA LA
o '~N 0a, -4 N N N N0 u

F-4

0

0 Ln .- q m 0 0
in ~ L r'- N LA) r- - r

z en
N

z
0 LO en- LA

oo mH

H Z4N LA) 0~0 'D 0 -4

H H
0

z

0 0C)0 0 0v~~m 04 0 0 0 0w ~ '

F-14



APPENDIX G

EXPERIMENTAL PROCEDURE

FOR THE

DETERMINATION OF A SUITABLE LINER SOLVENT



APPENDIX G

Experimental Procedure for the Determination of a Suitable Liner Solvent

The rubber formulation prepared (as directed in Military Specification

RDL-PD-107B) consisted of:

Thiokol polysulfied LP-3A 73.30%

quinone dioxine 4.90%

diphenyl guanidine 0.49%

magnesium oxide 3.0516

sulfur 0.1 5%

carbon black 18.110%

The ingredients were thoroughly mixed with mortar and pestle and a por-

tion applied to 2"11x 2"1 steel (4130) coupons, and cured at 75°* C for 48

hours. After curing, the thickness of the rubber liner was approximately

1/8",. The samples were then placed in a mason jar, covered with the

solvent, allowed to stand at r~oom temperature, and examined at the end

of various time intervals.
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APPENDIX H

Corrosion Study Test Procedure

Panels were cut from 4130 sheet steel and coated with the corrosion

inhibitors listed below. Each coating was brushed on cold as a single coat

and air dried at room temperature. The panels then were divided into two

groups--one group being subjected to temperature-humidity testing and the

other to salt spray testing. Uncoated panels were used as test controls.

Salt spray tests were conducted for 100 hours using a 20% salt solution.

Temperature-humidity testing was perfornied for 104 hours on the

following cycle:

16 hours at 160°F and 95% RH

8 hours at -40*F

16 hours at 160°F and 95% RH

8 hours at -40°F

16 hours at 1600F and 95% RH

8 hours at -40°F

32 hours at 160°F and 95% RH

Following is a tabulation of the results of these tests:
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Corrosion Panel Test (First Series)

Coating Temperature -Humidity Cycling 20% Salt Spray

Sicon Aluminum Slight rust in spots. No pitting. Some rust and
7x2070 dis coloration.

No pitting.

Sicon Aluminum Slight rust and discoloration. Some rust and
3x245 No pitting. pitting.

Drygalv Some rust and discoloration. Some rust and
Slight pitting on some samples. pitting.

Zincilate Slight rust in spots. No pitting. Some rust and
discoloration.
Slight pitting.

Nox-Rust 920 No rust, discoloration, or Heavy rust
pitting. Some pitting.

APG Composition Some rust and discoloration. Heavy rust
No pitting. Some pitting.

Uncoated Heavy rust and pitting. Heavy rust
and pitting.

The test panels were cleaned and recoated as before, and an addition-

al series of temperature-humidity and salt spray tests was conducted under

closer control. Temperature-humidity tests were run in accordance with

Federal Test Method Standard Number 141, Method 6201; temperature was
0

maintained at 120 F, and relative humidity at a minimum of 95%. After

100 hours of testing, none of the coatings showed any significant de-

terioration. Therefore, testing was continued for an additional 70 hours,

at which time moderate discoloration of some of the samples was noted, but

this was not sufficient to disqualify any of the coatings. Salt spray tests were

conducted in accordance with Federal Test Method Standard Number 141,

Method 6061, using 5% salt solution, for 72 hours. This test caused some

deterioration of all of the coatings and severe corrosion of several.
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Following is a tabulation of the results of these tests:

Corrosion Panel Test (Second Series)

Coating Temperature- Humidity 5% Salt Spray

Sicon Aluminum Slight discoloration. No rust Discoloration.
7x2070 or pitting. Rust on some

samples. No
pitting.

Si con Aluminum Slight discoloration. Discoloration.
3x245 No rust or pitting. Slight rust on

some samples.
No pitting.

Drygalv No discoloration, rust, Rust. No
or pitting. pitting.

Zincilate Slight rust on some samples. Rust. No
No pitting. pitting.

Nox-Rust 920 Slight rust on some samples. Rust. No
No pitting. pitting.

APG Composition Some discoloration. Slight Rust and
rust on some samples. No pitting.
pitting.

Uncoated Rust and pitting. Heavy rust and

pitting.

The results of tests in which the painted surface of the blast tube was

scratched, and various positions of the scratched area coated with different
0

types of corrosion inhibitors and then subjected to 160 F and 95% RH,

confirmed the results of the tests run on the test panels.
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APPENDIX I

Temperature Gradient Test Procedure

The propellant for the M30 Rocket Motor, loaded by Longhorn Ordnance

Works, was cast with nine iron-constantan thermocouples imbedded in the

cylindrical section of the grain (Figure 28). The thermocouple lead wires,

each 20 feet long, were brought out through the nozzle. The nozzle opening

then was insulated with fiberglass and sealed with tape.

The outputs from the nine thermocouples imbedded in the grain, and on one

thermocouple sensing air temperature within the wooden packing crate and

on one. thermocouple sensing the storage temperature- -were fed directly

to a Multiple Station Weston Recorder and recorded on Stations 1 through

9, respectively. Air temperature within the wooden packing crate was

recorded on Station 10, and the conditioning box temperature on Station 11.

The recorder was adjusted for a chart speed of 0. 4 inches per minute

and a print rate of one station per minute.

The Weston Multiple Station, Model 6702, Recorder is a potentiometer

type instrument. The basic function of the potentiometer circuit is to

balance the potential drop over a known part of a slidewire against the

voltage being measured. The unbalanced voltage is amplified and con-

verted by means of a reed-type vibrator to a small alternating potential.

This potential is again amplified to provide sufficient energy to operate a

two-phase, reversible-type balancing motor which restores equilibrium to

the measuring circuit. A reading at equilibrium is recorded on a strip

chart directly in degrees fahrenheit.

The motor was pre-conditioned for approximately 168 hours at 40*F

before subjecting it to the first extreme temperature storage condition.
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Then, the motor was subjected to each of the six conditioning temperatures

shown below. In each case, the storage temperature was 10°F colder than

the required final grain temperature. A tolerance of +5*F was maintained

on each temperature change.

CONDITIONING TEMPERATURES

*40 0 to 0OF

+40° to -15°F

+40 to -30°F

+40 to -45°F

+400 to -60°F

+40 to -75°F
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THEMOCOUPLE POSITIONS
FOR TEMPERATURE- GRADIENT TESTS

Figure 28.
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TEMPERATURE GRADIENT TEST DATA
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APPENDIX K

Determination of Firing and Storage Temperature Limits by Cross-Plotting

Grain Temperature vs. Conditioning Time data for Thermocouple No. 9,

one-half inch from the grain periphery, were extracted from the results

of the runs made at each conditioning temperature and plotted as a family

of curves, using the conditioning time as the abscissa and the grain temp-

erature as the ordinate (Figure 35). To establish a point for plotting the

low-temperature firing limit curve, the intersection of a grain temperature

curve in the family and the 0*F conditioning temperature line is first

determined. This point represents the conditioning time required to

reduce the grain temperature from 40*F to 0*F (minimum firing temp-

erature). From this point a vertical (constant time) line is projected to

intersect the temperature line corresponding to the temperature of the

grain temperature curve under consideration. This point represents the

time required for the grain temperature, stabilized at 40°F, to drop to

0*F at Thermocouple No. 9 when subjected to a particular conditioning

temperature.

This procedure was followed to plot a point based on each of the family

of grain temperature curves except the one for 0"F. The curve plotted

through these points represents the low-temperature firing limit. The

low-temperature storage limit curve was similarly plotted by using the

-10"F conditioning temperature line instead of the 0 F conditioning

temperature line. These limit curves were transferred to a separate

curve for clarity (Figure 27).

K-1



To use the curves, a known conditioning temperature and time com-

bination is plotted as a point. If the point falls on or above the firing limit

curve, the effective grain temperature is not below the minimum firing

limit (O*F). If the curve falls on or above the storage limit curve, but

below the firing limit curve, the effective grain temperature is below the

minimum firing limit (O0F), but not below the minimum storage limit

(-10-F).

To determine the approximate effective grain temperature when below

the minimum firing temperature, additional curves were plotted at iO.F

increments in a manner similar to that of the firing limit curve.
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